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Abstract. The conversion rates of different metabolic 
pathways summarized as a metabolic signature mirror the 
physiological functions and the general physiological status of 
a cell. The present study compared the impact of crocidolite 
and chrysotile asbestos, glass fibers and multi‑walled carbon 
nanotubes (MWCN) of two different lengths (1-2 µm and 
5-15 µm) on the conversion rates in glycolysis, glutaminolysis 
and serine metabolism of A549 cells. The concentration tested 
was 1 µg/cm2 for all fibers. A concentration of 5 µg/cm2 was 
additionally used for chrysotile and crocidolite, and 25 µg/cm2 
for glass fibers and MWCN. With respect to the inhibitory 
effect on cell proliferation and the extent of metabolic altera-
tions, the present study revealed the following ranking among 
the fibers tested: Chrysotile>crocidolite>glass fibers>MWCN 
5‑15 µm>MWCN 1‑2 µm. For the asbestos and glass fibers this 
ranking correlated best with the number of fibers. It appeared 
that the results observed for MWCN did not match this correla-
tion. However, electron microscopy revealed an agglomeration 
of MWCN. The agglomeration decreased the toxicologically 
relevant number of fibers by forming larger particle-like 
shapes and explained the smaller effects of MWCN 5-15 µm 
and 1-2 µm on cell proliferation and metabolism.

Introduction

Biopersistent fibrous dusts are present in natural mineral stones 
and may arise during certain industrial production processes. 
Well‑known examples of natural minerals are asbestos fibers. 
The two most important industrial asbestos minerals associ-
ated with occupational diseases are crocidolite and chrysotile. 
Industrially‑synthesized inorganic fibers which are substitutes 
for asbestos are termed man‑made mineral fibers (1), primary 

examples of which are glass fibers [man‑made vitreous fibers 
(MMVF)], ceramic fibers (including refractory ceramic 
fibers) and, more recently, carbon nanotubes. Epidemiological 
studies have confirmed an increased risk of lung carcinoma 
and mesothelioma following exposure to asbestos (2,3). Due 
to their geological formations, asbestos fibers vary in chemical 
composition, length and diameter. Inhalable asbestos fibers of 
critical dimensions were defined as World Health Organization 
(WHO; Geneva, Switzerland) fibers: Length ≥5 µm, diameter 
<3 µm, length:diameter ratio >3:1 (4). However, this conven-
tion is not a robust criterion by which to categorize fibers as 
toxic. Previous animal studies revealed that nano‑sized fibers, 
including silver nano wires (5,6), multiwall carbon nanotubes 
and rigid carbon nanotubes (7) may induce asbestos-like 
granulomatous inflammation and fibrogenic effects in the 
lung tissues and pleura (8,9). In order to determine the toxicity 
of fibers, the chemical composition, as the ultimate cause of 
biopersistence, in addition to the surface reactivity of the fibers 
are as important as fiber length and diameter (10).

Chemicals, including fibrous dusts, may act in a number 
of ways on human and animal cells. They may induce genetic 
mutations, influence the transcription and translation rate 
of genes or affect protein functions, such as enzyme activi-
ties, via intervention in post-translational regulatory protein 
kinase cascades. A number of previous studies have assessed 
the impact of different dusts on the expression of genes using 
genomic, transcriptomic and proteomic analytical tech-
niques (11-14). The impact of the chemicals on different genes 
and their expression products may potentiate or annul each 
other. The end product of the complex regulatory mechanisms 
and external interventions which take place at the level of 
DNA, mRNA and protein are the conversion rates of the corre-
sponding pathways. In its entirety, the conversion rates of the 
different metabolic pathways of cells, which are summarized 
as the metabolic signature, mirror the physiological functions 
and the general physiological status of the cells. The present 
study investigated the effect of different fibrous dusts on three 
important metabolic pathways (glycolysis, glutaminolysis and 
serine metabolism) of A549 human lung adenocarcinoma cells 
in cell culture.

Following inhalation and deposition of dust particles in the 
lung, the primary target cells affected are alveolar macrophages 
and alveolar epithelial cells. The A549 cells used in the present 
study are morphologically assigned to type II alveolar epithelial 
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cells (15). Type II alveolar epithelial cells are characterized by 
their surfactant synthesis in addition to the proliferation and 
differentiation of stem cells following damage to type I epithe-
lial cells (16). Therefore, alveolar epithelial type II cells are of 
particular importance when inflammatory damage to the lung 
occurs. A549 cells contain a number of metabolic features and 
transport properties characteristic of type II pneumocytes, 
including cytochrome P450 1A1 and 2B6, tannic acid-positive 
lamellar bodies, concentration-dependent internalization of 
cationized ferritin, and uptake of transferrin (17). A549 is a 
permanent cell line developed in 1972 by Giard et al (18) 
from a human lung carcinoma. An advantage of A549 cells is 
their high growth rate and cellular homogeneity. Due to their 
ability to perform unlimited cell division A549 cells are suited 
to long-term experimentation. In addition, A549 are capable 
of internalizing particles (19). According to Castell et al (20), 
A549 cells are the most suitable cell line for the investigation of 
chemically‑induced and lung‑specific toxicity. Foster et al (17) 
suggested the cell line as a standard model for the investiga-
tion of type II lung epithelial cells and drug metabolism. A549 
cells have been used to investigate the impact of inhalative 
chemicals in a high number of publications (12,20-23). In 
comparison to BEAS-2B cells, a bronchoepithelial cell line 
genetically modified and immortalized by the adenovirus 
12-SV40 virus hybrid (Ad12SV40), A549 cells are more 
stable in cell culture and have been extensively characterized 
regarding cell viability, transcription factors and signaling 
molecules (24,25). The A549 cells used in the present study 
are classified as a p53 wild type lung cell line in the documen-
tation of one of the provider (26).

In proliferating cells, including normal proliferating cells, 
embryonic cells, adult stem cells and immortalized cells, 
energy is regenerated in two pathways: Glycolysis and gluta-
minolysis (Fig. 1) (27-29). In glycolysis, net ATP production 
occurs in the pyruvate kinase reaction. The degradation of 
glutamine via glutaminolysis recruits reaction steps of the 
citric acid cycle and depends on oxygen. In addition, inter-
mediates of glycolysis, glutaminolysis and serine metabolism 
serve as substrates for the synthesis of important cellular 
building blocks, such as nucleic acids, phospholipids, amino 
acids and C1-building blocks for folic acids (Fig. 1). Therefore, 
cell division of proliferating cells only proceeds when the 
cellular metabolism is capable of providing a high enough 
concentration of intermediates to ensure energy regeneration, 
and the synthesis of cellular building blocks in sufficient 
amounts (29,30). In order to obtain an impression of whether 
or not chemicals have an impact on the conversion rates of 
glycolysis, glutaminolysis and serine metabolism, a rapid and 
effective method is to measure the conversion rates of their 
corresponding substrates (glucose, glutamine and serine) 
and metabolic products (lactate and glutamate) in the culture 
supernatants of the cells in cell culture.

The present study compared the impact of the following 
fibrous dusts on the glucose, glutamine and serine conver-
sion rates of A549 cells: i) Crocidolite and chrysotile 
asbestos, as biopersistent fibrous dusts with documented 
carcinogenic characteristics; ii) glass fibers, as an example 
of low‑biopersistence MMVF (2); and iii) biopersistent 
multi-walled-carbon-nanotubes (MWCN) with two different 
lengths, at 1-2 µm and 5-15 µm. In contrast with crocidolite, 

chrysotile and glass fibers, short MWCN do not fulfil the 
geometric ratios of the WHO fiber criteria. The two types of 
MWCN, which were produced under the same reaction condi-
tions, are characterized by an identical chemical composition 
and diameter, although they differ in length. This selection of 
fibers allowed for the comparison of different biopersistent 
WHO fibers. Additionally, the effect of length was evaluated 
in the case of MWCN.

Materials and methods

Fibrous dusts. Crocidolite asbestos was obtained from the 
Union Internationale Contre le Cancer (UICC; WHO; South 
African NB #4173-111-3). Chrysotile asbestos was obtained 
from UICC (Rhodesian NB #4173-11-2). Glass fibers 
(MMVFs) were removed from commercial glass wool used 
for insulation. Biopersistent MWCN (1-2 µm MWCN; cat. 
no. CP-0012-SG and 5-15 µm MWCN; cat. no. CP-0009-SG) 
were purchased from Ionic Liquids Technologies GmbH 
(Heilbronn, Germany).

Techniques used for fibrous dust characterization. Scanning 
electron microscopy (SEM; Hitachi S-2700; Hitachi, Ltd., 
Tokyo, Japan) was used to identify particle geometry in addi-
tion to the microstructure of the fibers. The element analysis 
resulted from energy dispersive X-rays (EDX). To optimize the 
conductivity (electron beam), all fiber samples were sputtered 
with a fine layer of Au. Transmission electron microscopy 
analysis combined with electron diffraction (detection of 
crystallinity) was performed using a transmission electron 
microscope (H-7100; Hitachi, Ltd.).

Culture conditions and metabolite measurements. A549 cells 
were obtained from the European Collection of Authenticated 
Cell Cultures (Salisbury, UK; cat. no. 86012804). The cells were 
cultured in Gibco® RPMI 1640 (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), supplemented with 2 mM L-glutamine, 
1% (v/v) antibiotics (penicillin, 100 U/ml and streptomycin, 
100 µg/ml) and 10% (v/v) fetal calf serum (Thermo Fisher 
Scientific, Inc.) at 37˚C in a 5% CO2 environment. For the flux 
experiments, 12-well dishes (for 24 h exposure time) and 24-well 
dishes (for 48 h exposure time) were used (both Sarstedt AG & 
Co., Nümbrecht, Germany). The experiments were begun with 
an initial cell number of 9.0x104 cells/well in the 12-well plates 
and 7.0x104 cells/well in the 24‑well plates. Following 24 h of 
pre-culture, the culture media of the cells were exchanged for 
culture media with different fibers. Stock solutions with 5 mg of 
the respective fibers suspended in 1 ml PBS (cat. no. BIO‑37108; 
Bioline Reagents, Ltd., London, UK) were diluted with fresh 
culture medium to a concentration of 1 µg/cm2, and 25 µg/cm2 

for glass fibers and MWCN or 5 µg/cm2 for the two types of 
asbestos. Control cells were mock-treated with PBS buffer. 
Following 24 h culture for the first culture approach (low concen-
tration), and 48 h for the second approach (high concentration), 
the culture supernatants were collected, centrifuged at 460 x g 
at room temperature for 5 min in order to remove fibers from 
the medium and immediately frozen at ‑80˚C. The cells in the 
corresponding wells were trypsinized, diluted 1:2 with trypan 
blue and counted using a Neubauer chamber. The frozen culture 
supernatants were heated for 15 min at 95˚C and subsequently 
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centrifuged at 8,000 x g at room temperature for 10 min (31). 
Glucose, lactate, pyruvate, glutamine, glutamate and serine 
were determined using a bench top random clinical analyzer, 
as described by Unterluggauer et al (32). The conversion rates 
of the metabolites in nmol/(hx105 cells) were calculated as the 
difference between medium samples from dishes with cells and 
medium samples incubated in parallel dishes without cells.

Statist ical analysis. Results are presented as the 
mean ± standard error of the mean for each condition, 
compared with the mean of the results from control samples. 
All statistical analyses were performed using the statistical 
software package SSPS 17.0 (SPSS Inc., Chicago, IL, USA). 
A comprehensive one-way analysis of variance with repeated 
measures combined with a Student Newman Keuls post hoc 
test was performed. P<0.05 was considered to indicate a statis-
tically significant difference.

Results and Discussion

Characterization of the fibrous dusts by electron microscopy. 
UICC crocidolite South African, a ferrous rod-like fiber 

with the chemical formula Na2 (Fe3
2+Fe2

3+[(OH)2Si8O22]), 
is composed of 130x106 WHO fibers/mg with a length of 
>5 µm, a diameter of <3 µm, and a length:diameter ratio >3:1. 
Crocidolite is a rigid and rod‑like fiber with a characteristic 
iron content (13). UICC chrysotile ‘A’ Rhodesian (chemical 
structural formula, Mg6 [(OH)8Si4O10], with an approximately 
equal Mg/Si distribution) is composed of 800x106 WHO 
fibers/mg. These fibers are of a curly, pliable structure (13). 
The WHO fraction of the glass fibers is composed of 0.26x106 
fibers/mg. EDX analysis revealed the following chemical 
composition: 70.0% SiO2; 14.3% CaO; 9.7% Na2O; 2.5% 
MgO; 2.3% K2O; and 1.2% Al2O3. Glass fibers are character-
istic of an amorphous material. A diffraction pattern was not 
detectable by transmission electron microscopy (Helmig et al, 
unpublished). In contrast with chrysotile, crocidolite and glass 
fibers, the nano-sized 1-2 µm MWCN (CP-0012-SG) and 
5-15 µm MWCN (CP-0009-SG) agglomerate to larger units 
with diameters of ~5 µm in a suspension (Figs. 2 and 3).

Impact of chrysotile, crocidolite, glass fibers, MWCN 5‑15 µm 
and MWCN 1‑2 µm on the proliferation rate of A549 cells. 
The aim of the present study was to investigate the impact 

Figure 1. Metabolic overview of glycolysis, glutaminolysis and serine metabolism. R‑5P, ribose‑5‑phosphate; P‑RPP, 5‑phosporibosyl‑1‑pyrophosphate; 
NADPH+ H+, reduced nicotinamide adenine dinucleotide phosphate; CoA, coenzyme A; FH4, tetrahydrofolate.
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of two dosages of the selected fibrous dusts on glycolysis, 
glutaminolysis and serine metabolism in cell culture: A low 
concentration with little or no impact on the cell prolifera-
tion rate of A549 cells, and a high concentration with a more 
severe impact on cell proliferation. The dosages were not  
selected to define the no‑observed‑adverse‑effect‑level or the 
lowest-observed-adverse-effect-level of the corresponding 
fibers. For all fibers tested, the low dosage was 1 µg/cm2 with 
an incubation time of 24 h (Fig. 4A). The high concentra-
tion was 25 µg/cm2 for glass fibers, MWCN 5‑15 µm and 
MWCN 1-2 µm (Fig. 4B). Concentrations >25 µg/cm2 led 
to an impenetrable dust carpet over the cell monolayer and 
were therefore not used in the present study. Chrysotile and 
crocidolite asbestos had a significantly increased inhibitory 
effect on cell proliferation in A549 cells compared with glass 
fibers or MWCN. For the two asbestos fibers, a dosage of 
25 µg/cm2 for 48 h was cytotoxic. In order to achieve compa-
rable inhibitory effects on the cell proliferation rate among 
the different fibers tested at the high dosage, chrysotile and 
crocidolite were applied at a concentration of 5 µg/cm2 for 
48 h. In the experiments for all dusts tested, neither the 
low dosage of 1 µg/cm2 nor the high dosage (5 µg/cm2 and 
25 µg/cm2, respectively) had an impact on cell viability, which 
corresponded to a number of other studies published in the 
literature (33-35). At the low dosage (1 µg/cm2 for 24 h) only 
chrysotile and glass fibers led to a significant inhibition (12%) 
of cell proliferation compared with mock-treated controls 
(Fig. 4A). In the case of chrysotile, the inhibition of cell 
proliferation rose to 54% at the high concentration (5 µg/cm2 
for 48 h; Fig. 4B). Crocidolite asbestos exerted no impact at 
the low dosage and decreased cell proliferation by 29% at the 
high dosage (5 µg/cm2 for 48 h). Similar growth inhibitory 

effects of chrysotile and crocidolite have been described in 
bronchial epithelial BEAS 2B cells (36) and human embry-
onic lung HEL-299 cells (37). The growth inhibitory effect of 
glass fibers increased from 12% inhibition at the low dosage 
to 22% inhibition at the high dosage (5 µg/cm2 for 48 h). 
MWCN at 1‑2‑ and 5‑15‑µm lengths induced a significant 
increase in cell proliferation (MWCN 1-2 µm, 16% and 
MWCN 5-15 µm, 9%) at the low dosage (1 µg/cm2 for 24 h). 
At the high dosage (25 µg/cm2 for 48 h) only the 5-15 µm 
MWCN led to an inhibition of cell proliferation of 23%, 
whereas the shorter 1-2 µm MWCN had no impact on cell 
proliferation compared with the mock-treated control cells. 
By quantifying the DNA content, Tabet et al (38) estimated 
a reduction in the cell number of 15-20% when A549 cells 
were incubated for 24, 48 and 72 h with 20 µg/cm2 MWCN 
at a length of 100 µm (Graphistrength C10; ARKEMA, 
Colombes, France); whereas, under the same conditions in 
mesothelial MeT5A cells, no significant effect of MWCN was 
observed. In the same study, 48 h incubation with 20 µg/cm2 
crocidolite significantly increased the DNA content in A549 
cells, whereas an MTT assay indicated a significant down-
regulation of cell viability.

Impact of chrysotile, crocidolite, glass fibers, MWCN 5‑15 µm 
and MWCN 1‑2 µm on glycolysis, glutaminolysis and serine 
metabolism. The impact of the fibrous dusts on glycolysis, 
glutaminolysis and serine metabolism was investigated by 
direct measurement of the conversion rates of glucose, pyru-
vate, lactate, glutamine, glutamate and serine in the culture 
supernatants of mock‑treated and fibrous dust‑treated A549 
cells. In differentiated tissues, in the presence of oxygen, 
glucose is completely degraded to CO2 and water via cytosolic 

Figure 2. Transmission electron microscopy analysis of MWCN. (A) Image of MWCN 1‑2 µm (magnification, x40,000). (B) Diffraction pattern of MWCN 
1‑2 µm. (C) Results of EDX analysis for MWCN 1‑2 µm. (D) Image of MWCN 5‑15 µm (magnification, x40,000). (E) Diffraction pattern of MWCN 5‑15 µm. 
(F) Results of EDX analysis for MWCN 5‑15 µm. MWCN, multi‑walled carbon nanotubes; EDX, energy dispersive X‑ray.
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glycolysis, the mitochondrial citric acid cycle and endoxida-
tion in order to regenerate energy (Fig. 1). In low oxygen 
conditions, pyruvate is reduced to lactate within the cytosol. 
By contrast, in proliferating cells, including A549 cells, glyco-
lytic pyruvate is released as lactate even in the presence of 
oxygen (Fig. 1). In addition to energy regeneration in prolif-
erating cells, glycolytic intermediates serve as precursors for 
the synthesis of important cellular building blocks, including 
nucleic acids, amino acids and phospholipids, which are essen-
tial for cells with a high proliferation rate (Fig. 1) (29,30). For 
energy regeneration, proliferating cells utilize a novel efficient 
source of energy, which is the degradation of the amino acid 
glutamine (27,29,39). Thereby extracellular glutamine is 
desaminated to glutamate within the mitochondria. A certain 
amount of the glutamate is directly released from the cells 
and may be identified as glutamate production in the culture 
supernatants of the cells (Fig. 1). A further quantity of the 
glutamate is converted to α‑ketoglutarate and is infiltrated 
into the citric acid cycle for energy regeneration. In addition, 
glutamate provides the amino group for serine synthesis from 
glycerate 3-phosphate (P) and is a component of glutathione, 
an important metabolite for the detoxification of reactive 
oxygen species (ROS). A certain amount of the malate within 
the citric acid cycle is decarboxylated to pyruvate and released 
as lactate; thus, glutaminolysis summarizes the degradation of 
the amino acid glutamine to malate, CO2, pyruvate, lactate and 
citric acid. Additionally, glutamine is a precursor of purine 
and pyrimidine synthesis (Fig. 1). Pyruvate is either consumed 
by the cells when the metabolite is added into the medium, 
or is released from the cells in the absence of extracellular 
pyruvate. Serine is a precursor for phospholipid, glycine and 
cysteine synthesis and donates one-carbon units to folate, all of 
which are necessary for cellular building block synthesis (40). 
When the rate of serine synthesis exceeds the amount of serine 
necessary for the synthesis of cellular components, serine is 

released from the cells. However, when the cells are unable 
to synthesize serine in sufficient amounts, serine is consumed 
from the medium (40,41).

At the low dosage tested in the present study (1 µg/cm2 dust 
for 24 h) none of the fibrous dusts tested led to a significant 
alteration in the conversion rates of glucose, lactate, pyruvate, 
glutamine, glutamate and serine (Fig. 5). At high dosages, the 
most marked effect on the metabolic conversion rates was 
observed with chrysotile (Fig. 5 A-E). Glucose and glutamine 
consumption, in addition to pyruvate, lactate and glutamate 
production, significantly increased within 48 h incubation of 
A549 cells with 5 µg chrysotile/cm2. The other fibrous dusts 
did also increase the conversion rates of these metabolites. 
However, the extent of the effects decreased in the following 
order: Chrysotile (5 µg/cm2)>crocidolite (5 µg/cm2)>glass 
fibers (25 µg/cm2)>MWCN 5‑15 µm (25 µg/cm2)>MWCN 
1-2 µm (25 µg/cm2).

Figure 3. Scanning electron microscopy analysis of MWCN 1‑2 µm at 
(A) magnification, x100 and (B) magnification, x5,000, and MWCN 5‑15 µm 
at (C) magnification x100 and (D) magnification, x5,000 in the 10‑µl fiber 
suspensions used for the cell experiments on a nucleopore filter. MWCN, 
multi-walled carbon nanotubes.

Figure 4. Effect of fibrous dusts on cell proliferation of A549 cells. (A) Dust 
concentration, 1 µg/cm2; incubation time, 24 h; control, n=14; dust-treated 
cells, n=6. (B) Concentration of chrysotile and crocidolite, 5 µg/cm2; all other 
dusts, 25 µg/cm2; incubation time, 48 h; control, n=6; dust-treated cells, n=4. 
The mean cell number/well of mock-treated controls was set at 100%. Data 
are presented as the mean ± standard error of the mean. *P<0.05; **P<0.01; 
***P<0.001 vs. control.
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At first glance the increase in glucose and glutamine 
consumption observed for the fibrous dusts tested in the 
present study points to an increase in the metabolic activity 
within the cells. However, the simultaneous increase in pyru-
vate, lactate and glutamate release indicates that the amount 
of glucose and glutamine channeled into the debranching 
synthetic processes for cellular components was decreased 
in the presence of fibrous dusts at non‑toxic concentrations. 
This assumption is additionally supported by the increase 

in serine uptake observed for certain of the fibrous dusts 
tested (Fig. 5F). The amino acid serine is synthesized from 
the glycolytic intermediate glycerate 3-P and the glutami-
nolytic intermediate glutamate (Fig. 1). Serine metabolism 
is regulated, inter alia, by the transcription factors cellular 
tumor antigen p53 (p53) and Myc proto-oncogene protein 
(Myc) (40). p53 suppresses the expression of phosphoglycerate 
dehydrogenase (PHGDH), the first enzyme in serine synthesis. 
Myc has been demonstrated to enhance the expression of 

Figure 5. Relative metabolic conversion rates in dust‑treated A549 cells compared with mock‑treated controls. The mean value of mock‑treated controls was set 
at 1 and (A) glucose consumption rates, (B) lactate production rates, (C) pyruvate production rates, (D) glutamine consumption rates, (E) glutamate production 
rates and (F) serine consumption rates of dust‑treated cells were calculated compared with the control value. Data are presented as the mean ± standard error of 
the mean. ▲, dust concentration=1 µg/cm2; control, n=14; all dust-treated cells, n=6. □, concentration of chrysotile and crocidolite=5 µg/cm2; ■, concentration 
of all other dusts=25 µg/cm2; control n=6; all dust-treated cells, n=4. *P<0.05; **P<0.01 vs. control.
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PHGDH, in addition to phosphoserine aminotransferase 1 
and phosphoserine phosphatase, the two following enzymes 
within serine synthesis. Concurrently with hypoxia-inducible 
factor 1-α (HIF1α), Myc activates the expression of serine 
hydroxymethyltransferase 2, which catalyzes the revers-
ible reaction of serine and tetrahydrofolate to glycine and 
5,10-methylene tetrahydrofolate. According to results 
published by Matsuoka et al (22), treatment with chrysotile 
and crocidolite led to a dose- and time-dependent increase in 
Ser15 phosphorylation and the stabilization of p53 in A549 
cells. A p53-regulated downregulation of serine synthesis may 
be an explanation for the increased serine uptake observed 
in the chrysotile- and crocidolite-treated A549 cells in the 
present study (Fig. 5F). A crocidolite‑associated stabilization 
of p53 in A549 cells was additionally described by Johnson 
and Jaramillo (23). In the same study, JM 100 glass microfiber 
did not induce an increase in p53 (23); whereas, in the present 
study, in glass fiber‑treated A549 cells the increase in serine 
uptake was among the highest compared with the other fibers 
tested. In addition, continuous exposure of primary human 
lung small airway epithelial cells immortalized with human 
telomerase reverse transcriptase for 6 months to 0.02 µg/cm2 
dispersed carbon nanotubes (single-walled and MWCN) and 
crocidolite induced an overexpression of cMyc, while p53 was 
underexpressed (42). In addition to numerous other cellular 
targets, Myc is an important transcriptional upregulator of 
glycolytic enzymes and glutaminolytic glutaminase (43), 
which may serve a regulatory role in the fiber-dependent 
increase in glucose and glutamine consumption observed in 
the present study. However, the increase in glutamate produc-
tion in the present study was an indication that a high amount 
of glutamine consumed in the fibrous dust‑treated cells was not 
converted in glutaminolysis (Fig. 5D and E). Further investiga-
tions into the level of gene expression regulation are required 
to clarify the underlying mechanism of the fiber‑dependent 
increase in glucose, glutamine and serine uptake observed in 
A549 cells in the present study.

The increase in glucose, glutamine and serine consump-
tion observed in the fibrous dust‑treated A549 cells may be 
interpreted as a metabolic mechanism to compensate for the 
inhibition of cellular building block synthesis. However, the 
inhibition of cell proliferation suggests an interruption of 
the metabolic regulation between the provision of cellular 
components and energy regeneration. Few studies have 
addressed the effect of fibrous dusts on the metabolism of 
cells. In accordance with the results of the present study, 
Riganti et al (44) described a dose-dependent inhibition of the 
oxidative pentose-P pathway in A549 cells due to the direct 
interaction of crocidolite with glucose 6-P dehydrogenase 
(G6PDH). The oxidative pentose-P pathway provides ribose 
5-P for nucleic acid synthesis in addition to reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) + H+ for 
glutathione recycling, for example (Fig. 1). G6PDH is respon-
sible for NADPH + H+ regeneration, which is necessary for 
the recycling of glutathione, the principal antioxidant cellular 
pathway (Fig. 1). An inhibition of G6PDH and glutathione 
recycling is a conceivable explanation for the increase in ROS 
production described in asbestos- (37,45,46), MWCN- (46) 
and glass fiber‑ (45) treated cells. In the present study, the cells 
were incubated with 5 µg crocidolite/cm2 for 48 h. Notably, in 

the study of Golladay et al (47), 24 h incubation of A549 cells 
with 3 µg/cm2 crocidolite led to a release of 75% of the intra-
cellular glutathione into the medium, which was not induced 
by nonspecific membrane damage. High ROS concentrations 
have been demonstrated to stabilize the alpha subunit of 
HIF1 (48), which is an important transcriptional upregulator 
of glycolytic enzymes. ROS‑induced HIF1α stabilization and 
HIF1‑induced upregulation of important glycolytic enzymes 
may be an explanation for the observed increase in glycolytic 
conversion rates in the dust-treated A549 cells (Fig. 5A-C). 
Notably, in pulmonary alveolar macrophages treated with 
25 µg/cm2 chrysotile fibers for 18 h, a decrease in ATP levels 
of 20-30% has been described (49) which indicates that, in 
addition to the synthesis of cellular building blocks, energy 
regeneration is impaired by treatment with chrysotile.

Classification of observed effects. For the concentrations 
tested in the present study, and with respect to the inhibitory 
effect on cell proliferation (Fig. 4) as well as the extent of the 
metabolic alterations (Fig. 5), the results revealed the following 
ranking among the fibers tested: Chrysotile>crocidolite>glass 
fibers>MWCN 5‑15 µm>MWCN 1‑2 µm. For the asbestos 
fibers and MMVF this ranking correlated best with the number 
of fibers (chrysotile, 800 million fibers/mg>crocidolite, 
130 million fibers/mg>glass fibers, 0.26 million fibers/mg). 
In these fibers, the effects on cell proliferation and cellular 
metabolism decreased with a decreasing number of fibers. It 
appeared that the results observed for MWCN 5-15 µm and 
MWCN 1-2 µm were not consistent with this trend. Nano-sized 
fibers (MWCN) are characterized by greater numbers of fibers 
per unit of mass compared with chrysotile, crocidolite and glass 
fibers. However, the effects of MWCN 5‑15 µm and 1‑2 µm 
on cell proliferation and cellular metabolism were the lowest 
in the present study (Figs. 4 and 5). Therefore, the behavior 
of the MWCN in fluids was examined using SEM, which 
demonstrated the strong tendency to form agglomerates of 
MWCN 5-15 µm and MWCN 1-2 µm (Fig. 3). Compared with 
the longer MWCN 5-15 µm, MWCN 1-2 µm agglomerate to 
larger units. Consequently, the functionally-relevant number of 
fibers is markedly decreased by agglomeration. This explains 
why the observed effects of MWCN on cell proliferation and 
metabolism were the lowest by mass in the ranking produced 
in the present study.

In conclusion, the determination of glycolytic, glutamino-
lytic and serine conversion rates in the culture supernatants 
of cell cultures is a rapid and effective method of obtaining 
an impression of the impact of chemicals on the metabolic 
signature and physiological status of cells. For the fibrous 
dusts tested in the present study, the metabolic signature in 
A549 cells revealed a ranking which correlated best with the 
relevant number of fibers. Based on these results, in future 
experiments, a comparable concentration-dependent analysis 
of the intracellular concentrations of the transcription factors 
HIF1, c‑Myc and p53, the protein content and enzymatic 
activity of important enzymes in glycolysis, glutaminolysis 
and serine metabolism, the metabolic intermediates of the 
corresponding pathways and the energy charge may help to 
localize the molecular targets of the fibrous dusts tested and 
to explain the underlying molecular mechanism of the ranking 
between the different dusts disclosed in the present study (50).
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